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Al-Nb-B master alloys were synthesized using commercial pure aluminum,
niobium, and KBF4 salts. Two different sources of Nb (pure Nb powder and Al-
60%Nb powder) were used to prepare the master alloy. Casting process
parameters such as reaction time and melt stir time interval were varied to
enhance the formation of in situ intermetallic particles in the master alloys.
The size, shape and distribution of intermetallic particles in these master
alloys were studied using microscopy techniques. The results show that the
Al-5Nb-1B master alloy prepared with Al-60%Nb powders has a uniform
distribution of intermetallic particles as compared to the master alloy pre-
pared with pure Nb powders. Increase in boron content from 1 wt.% to 2 wt.%
in the master alloys resulted in a higher fraction of intermetallic particles.
Among all the master alloys synthesized, Al-5Nb-2B was observed to have the
highest number of well-distributed intermetallic particles which could act as
potential grain refiners of aluminum alloys.
INTRODUCTION
Grain refinement is a prominent way of improv-
ing the mechanical properties of cast aluminum
alloys for automotive and aerospace applications.1
Grain refinement of aluminum alloys is usually
carried out by various methods, such as inoculation,
rapid cooling and the application of external fields,
such as ultra-sonication, electromagnetic stirring,
etc.2 Among these grain refining methods, inocula-
tion of the melt, which includes the addition of
particles by in situ reactions, is a very common
method in aluminum alloys. These particles act as
heterogeneous nucleation sites for the grain refine-
ment of alloys.3 In Al-Cu alloys, titanium along with
boron or carbon were found to be very effective in
the refinement of primary Al grains.4 The flux-
assisted synthesis route, which involves the addi-
tion of KBF4 and K2TiF6 salts to molten aluminum,
is considered to be the most preferred route to
prepare Al-Ti-B master alloys. In flux-assisted
synthesis, the particles are formed by an exothermic
reaction of salts which results in enhanced wetta-
bility and better microstructural stability of the
master alloy.5 Addition of 0.01 wt.% Ti in the form
of a master alloy to Al-Cu melt results in the
formation of TiB2 and Al3Ti particles, which aid in
grain refinement of the alloy.6,7 However, TiB2 and
Al3Ti particles are found to be ineffective in grain
refining of aluminum alloys that contain high
amount of Si, Li, Cr and Zr.8–11 Recent studies have
reported that the niobium addition which forms
Al3Nb particles in the melt is found to be an
effective grain refiner of Al-Si alloys.12–15 Further,
it has been observed that the addition of Nb along
with B enhances the grain refinement of Al-Si alloys
as compared to the refinement occurring with only
Nb or boron additions. This enhanced grain refine-
ment was attributed to the similarities between the
Al-Nb-B and Al-Ti-B systems. It was reported that
the particles formed in Al-Nb-B master alloys are
NbB2 and Al3Nb, and that they are isostructural
with TiB2 and Al3Ti in Al-Ti-B alloys. Also, the
lattice mismatch parameters of NbB2 and Al3Nb
with the Al matrix is similar to that of TiB2 and
Al3Ti with the Al matrix. However, the main
advantage of Nb-based particles over Ti-based par-
ticles is that Nb does not form any intermetallic
compounds with Si in Al-Si alloys. Hence, the
stability of Nb-based intermetallic compounds is
proved to be effective even in the presence of higher
amounts of Si in Al-Si alloys. Several studies have
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been reported on the grain-refining efficiency of Al-
xNb-yB master alloys on grain refinement of com-
mercial Al-Si alloys.16–20 Although research studies
have been carried out on the grain refinement of Al-
Si alloys using Al-Nb-B master alloys, very little
emphasis has been laid on optimizing the casting
process parameters during the synthesis of Al-Nb-B
master alloys meant for grain refinement of Al-Si
alloys. The aim of this publication is to study the
effect of casting process parameters such as sources
of Nb, reaction times, effects of stirring on synthesis
and microstructures of Al-Nb-B master alloys.
EXPERIMENTAL DETAILS
Synthesis of Al-Nb-B Master Alloys
The raw materials used for making the master
alloys include commercially pure Al (CP Al)
(> 99.8% purity), pure niobium powders (99.99%
pure, 200 mesh size; HiMedia, India), Al-60Nb
powder (average size  400 lm; Baoji Rui Hong
Metal Materials, China) and KBF4 salts (98%
purity; Madras Fluorine, India). Figure 1 repre-
sents the SEM images of the as-received pure Nb
powders (Fig. 1a) and Al-60%Nb powders (Fig. 1b),
which are two different Nb sources.
Figure 1c is a schematic of the experimental
setup. Al-Nb-B master alloys with varied Nb:B
ratios were synthesized by adding Al-60%Nb or
pure Nb and KBF4 into the Al melt together. First,
an Al-5Nb-1B master alloy was prepared by adding
Al-60%Nb powders to molten aluminum in a
graphite crucible. The amount of total melt in all
the cases was 300 g. The melt was kept at 800C for
30 min for homogenization, followed by KBF4 salts
being added to the melt. The melt was stirred at
regular intervals prior to casting in a split-type
graphite mold. To study the effect of reaction time,
three reaction times were selected: 1 h 30 min, 2 h
15 min, and 2 h 45 min. In another set of experi-
ments, to check the effect of sequence of addition of
raw materials, both sources of Nb and KBF4 were
mixed together and then added to the melt, rather
than adding them separately as in the previous
case. As the received powders and salts were
preheated to 200C prior to adding to the melt.
Thereafter, the effect of stirring of the melt on the
the synthesis of master alloys was studied. For
comparison, one of the melts was unstirred after the
addition of Nb and KBF4 salts, while the other melt
was stirred every 15 min.
Also, experiments were carried out to synthesize
master alloys of the same composition using differ-
ent sources of Nb, i.e., pure Nb powder and Al-60Nb
powder. For the master alloy preparation, molten Al
was homogenized for 2 h at 800C and then a pre-
Fig. 1. FESEM micrographs of as-received (a) pure Nb powders, (b) Al-60Nb master alloy powders. (c) Experimental setup for the synthesis of
Al-Nb-B mater alloy.
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heated mixture of Nb powders + KBF4 salt and Al-
60Nb powders + KBF4 salt was added. The Nb or
Al-60Nb powders were wrapped in aluminum foil
prior to addition to the melt. The wrapped powders
were carefully plunged inside the melt and then
stirred. This was done to prevent oxidation of the
Nb particles. After holding at 800C for 1 h, the
temperature was raised to 850C and held for
30 min for better dissolution of pure Nb and Nb
containing particles in Al-60Nb alloy. Then, the
temperature was brought down to 800C and held
for another 30 min to minimize the loss of B in the
form of BF3 gas. Thus, the total holding time was
2 h. Finally, dross was removed, and the melts were
cast into graphite split-type molds. In the final set of
experiments, boron content in the master alloy was
varied from 1 wt.% to 3 wt.%, keeping the Nb
content fixed at 5 wt.%. Dissolution of KBF4 is
ensured by stirring the melt at intervals of 15 min.
The low melting point of the salt (530C) and high
reactivity of the salt with molten aluminum ensures
that it does not remain unreacted in the the liquid
aluminum at the reaction temperature of 800C.
Table I represents the parameters used in the
synthesis of different Al-Nb-B master alloys.
Optical and SEM Microscopy
The cylindrical castings were sectioned at 2 cm
from the bottom to prepare samples for metallog-
raphy studies using standard metallographic tech-
niques. The samples were etched with Keller’s
reagent for 30 s to study the particles in the
microstructure. The alloys were examined under
an optical microscope (NIKON ECLIPSE
LV150 N) and FESEM [Carl Zeiss SMT instru-
ment coupled with energy dispersive x-ray spec-
trometer (EDS)].
RESULTS AND DISCUSSION
Optimisation of Reaction Time
for the Synthesis of Al-Nb-B Master Alloy
Experiments were carried out for different total
reaction times (defined as the time from the addi-
tion of KBF4 salt and/or Al-60Nb powder to the melt
to pouring of the master alloy into the molds) to
ensure complete formation of particles by the reac-
tion of KBF4 salt and Al-60Nb powder in molten
aluminum. The exothermic reaction between the
KBF4 salts and the melt results in proper dissolu-
tion of Nb and the formation of compounds.21
Figures 2 represents FESEM micrographs of the
Al-Nb-B master alloy for different reaction times.
(1 h 30 min, 2 h 15 min, and 2 h 45 min, respec-
tively). It is evident from the figure that the
particles were formed in the master alloys for all
reaction times; however, the particles were also
found to be agglomerated. The agglomeration of
boride particles could be due to the flux-generated
reaction of KBF4 with the Al matrix and the
engulfment of the KF-AlF3 salts.
22 Also, as shown
in Fig. 2, the longer the reaction time, the higher
the chances for agglomeration formation which is
expected, as particles have more time to react and
agglomerate to reduce surface energy.23 Besides
agglomeration, particle settling is also favored due
to the high density of the in situ particles formed
during the reaction. For example, particles such as
Al3Nb and NbB2 (whose probability of forming is
high in Al-Nb-B master alloys) have densities of
4.54 g/ml and 6.98 g/ml, respectively, as compared
to  2.3 g/ml of molten aluminum at 800C.16
Hence, the melt should be held for less than or
equal to 2 h after the addition of the powders, with
stirring at regular intervals to lessen the tendency
to the agglomeration and settling of particles.
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Effect of Stirring and Addition Sequence
of KBF4 Salt and Al-60Nb Powders
on Al-Nb-B Master Alloy
Figure 3 represents the SEM images of particles
formed in the Al-Nb-B master alloy for stirred and
unstirred melts. Figure 3a and b represents the
effect of no stirring on particle formation, while
Fig. 3c and d represent the particles formed in the
stirred condition. This stirring study was under-
taken because, in one of the cases, it was reported
that stirring disturbs the layer of reacted salts and
the aluminum is readily oxidized on the top of the
melt. As a result, the chance of entrainment of
residue salts in the melt increases, which promoting
agglomeration.24 Thus, with the hope of reducing
agglomeration, these sets of experiments were
undertaken. However, in the present case, the melt
which was not stirred at regular intervals, has a few
coarse unreacted particles containing Nb and some
unreacted salts, as supported by the K peaks shown
in EDX on the particles, in Fig. 3a, b and e. Stirring
at regular intervals resulted in distinct, better-
distributed and finer particles with very few or
almost no unreacted salts, as represented by Fig. 3c,
d and f. Thus, stirring is essential for the formation
and uniform distribution of particles. This has also
been substantiated in earlier reports.20
Also in the above cases (stirring and non-stirring),
Al-60Nb powders and KBF4 salt were mixed before
addition into the melt, unlike the previous cases
(‘‘Optimisation of reaction time for synthesis of Al-
Nb-B master alloy’’ section) where they were added
separately. It was observed that a higher fraction of
particles formed when KBF4 salt and Al-60Nb
powders are pre-mixed and added to the melt. This
could be due to higher dissolution rate of particles
like Nb2Al (1940C) and NbAl3 (1680C) present in
the Al-60Nb alloy in the melt (Al-Nb binary phase
diagram represented in Fig. 4f). This higher disso-
lution could be because of high amounts of energy
released during the exothermic reaction of KBF4
salts with the aluminum,16 which leads to sudden
increases in temperature of the melt, ultimately
enhancing the reaction kinetics in the melt.Iin the
cases where KBF4 salts were added 30 min after the
addition of Al-60Nb, dissolution of Al-60Nb would
have been slower because of the initial lack of
energy.
Comparison of the Master Alloys Prepared
with Al-60Nb and Pure Nb Powders
Two master alloys of composition, each Al-5Nb-
1B, were prepared using different sources of Nb.
The first master alloy (MA1) was prepared using
pure Nb powder and KBF4 salt, and the the second
master alloy (MA2) was prepared using Al-60Nb
powder and KBF4 salt.
Figure 4 represents optical micrographs and SEM
images of particles in the the Al-5Nb-1B alloy
prepared with different sources of Nb. Optical
Fig. 2. FESEM micrographs and EDS analysis of the encircled particles after different reaction times: (a) 1 h 30 min, (b) 2 h 15 min, (c) 2 h
45 min.
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microstructures in Fig. 4a and b shows the distri-
bution of particle agglomerates throughout the
sample. As shown in Fig. 4c and d, clusters of
coarse particles were observed in the Al-5Nb-1B
master alloy prepared with KBF4 salts and pure Nb
powders, while, on the other hand, small clusters of
fine particles were observed in the the Al-5Nb-1B
master alloy prepared with KBF4 salt and Al-60Nb
powder, as shown in Fig. 4e and f. Also, more
faceted particles were formed in the latter master
alloy.
Figure 4g shows the size distribution of the
particles, as in Fig. 4a–d in both the master alloys.
For this calculation, the feret diameters of a number
of particles were measured from different regions in
the microstructure using an image analysis soft-
ware (ImageJ). The master alloy prepared with Al-
60Nb powders have comparatively finer particles
which were higher in number as compared to the
master alloy prepared with pure Nb. The average
size of clusters is found to be small in the master
alloy prepared with Al-60Nb powders compared to
the master alloy prepared with pure Nb powders. In
terms of particle formation, the fine size inter-
metallics with a higher fraction of particles were
observed in the alloy synthesized with Al-60Nb
compared to pure Nb powders. Also, the shape of the
particles was found to be of faceted morphology in
the alloy synthesised with Al-60Nb powders. The
above-mentioned characteristics are important,
because such particles facilitate better refining, as
they promote better heterogeneous nucleation.1
There are two conjectures for the reason behind
the master alloy made with Al-60Nb having a
higher volume fraction of particles. First, the liq-
uidus temperature of the Al-60Nb alloy (1680C) is
Fig. 3. FESEM micrographs of the particles in melt with (a, b) no stirring, (c, d) stirring every 15 min, (e) EDX on the region of the unstirred
sample (showing traces of salt), and (f) EDX on particles formed in the case of the stirred sample.
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Fig. 4. (a, b) Optical micrographs showing agglomerates of particles formed in Al-5Nb-B distributed throughout the area. SEM images showing
the particle formation in Al-5Nb-B master alloys synthesized with (c, d) pure Nb powder and KBF4, (e, f) Al-60Nb powder and KBF4. (g) Particle
size distribution in MA1 and MA2.
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Fig. 5. FESEM micrograph of master alloys: (a, b) Al-5Nb-2B, (c, d) Al-5Nb-3B. (e) EDS analysis of Al-5Nb-2B master alloy. (f) EDS analysis of
Al-5Nb-3B master alloy. (g) Particle size distribution in Al-5Nb-xB (x = 1, 2, 3) master alloys.
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significantly lower than that of pure Nb (2470C)
according to the Al-Nb phase diagram.25 Hence, it
could be possible that the dissolution of Al-Nb
powders in the aluminum melt is faster than pure
Nb. Thus, in the present study where the reaction
temperature is 800C, reaction kinetics between Al-
60Nb and KBF4 would be faster as compared to that
between pure Nb and KBF4. Secpmd, the Nb is
present in the form of Nb2Al and NbAl3 in the Al-
60Nb powder, hence there would be minimum loss
of Nb, as their densities are less as compared to
elemental Nb and thus the tendency to settle down
would be comparatively less.16
Comparative Study of Al-5Nb-xB (x = 1,2,3)
Master Alloys
When the concentration of boron was increased
from 1 wt.% to 2 wt.%, the number of particles
increased, as expected. Figure 5 shows the
microstructure of the two master alloys, Al-5Nb-
2B and Al-5Nb-3B. The particles are very well
formed in Al-5Nb-2B (Fig. 5a and b), while the
particles in Al-5Nb-3B are relatively coarser and
have fewer distinct particles, as seen in Fig. 5c and
d.
Figure 5e and f represents the EDX analyses of
particles formed in Al-5Nb-2B and Al-5Nb-3B. The
nature of particles formed is similar in both cases,
i.e., major elements of the particles being Al, Nb and
B. With the increase in boron content, the amount of
Nb in the particles has increased. This could be due
to an exothermic reaction sustaining for a longer
period with the increased amount of KBF4 salt.
Further, the increase in B content to 3 wt.% did not
show observable increase in the volume fraction of
the particles. This could be due to the high viscosity
of the melt observed on the addition of higher
amounts of salts, which eventually leads to sticking
of the salt–melt mixture to the stirrer and walls of
the crucible, which ultimately resulted in poor
recovery of B and a lower fraction of particles
formed in the alloy.
Figure 5g shows the size distribution of particles
formed in Al-5Nb-xB (x = 1, 2, 3) master alloys.
Most particles in Al-5Nb-1B were found to be in
the sub-micron range (0.1–0.6 lm), while in Al-
5Nb-2B, the particle size distribution is much
wider, ranging from 0.1 lm to 1.8 lm. The parti-
cles in Al-5Nb-3B lie in the same range as Al-5Nb-
2B. The varied size of the particles in Al-5Nb-2B is
preferred for grain refinement. Thus, Al-5Nb-2B
was found to be optimum with evidently high
recovery of both Nb and B and the formation of
large numbers of particles.
Characterization of the In Situ Particles
Formed in the Master Alloys
To understand and predict the phases formed
in situ in the matrix, XRD analysis of the master
alloy was carried out. Figure 6 shows the XRD
pattern of the Al-5Nb-2B master alloy. The diffrac-
togram shows peaks of the FCC phase and the HCP
phase. The FCC peaks corresponds to aluminum.26
To identify the phase with those HCP peaks, powder
diffraction files of probable compound,s like Al3Nb,
NbB2, Al0.33Nb0.667B2, AlB2, were referred to. In
comparisons using standard JCPDS files, the peaks
were found to be closest to Al0.33Nb0.667B2 (referred
to as aluminum boron niobium), and thus can be
assumed to be the same. Al0.33Nb0.667B2 is charac-
terized bya hexagonal lattice structure, with a
density of 5.6 g/ml and forms a solid solution with
NbB2.
27 As the first two peaks of these two com-
pounds are very close to each other, there might also
be a possibility of the presence of some fraction of
NbB2 phase.
It is known that phases with a low volume
fraction, typically less than 5%, cannot be detected
by XRD. Hence, further analysis using SEM–EDS
(Fig. 7) was carried out on a few random particles in
the Al-5Nb-2B alloy. Figure 7a and b are line scans
on two particles, representing the distribution of the
elements Al, Nb and B in in situ-formed particles.
From the scan, it can be observed that all three
elements are present in the particles. Figure 7c and
d are the EDX point analysis on two different
particles, showing their approximate constitution.
Again, all the three elements, i.e., Al, Nb and B, are
present. The EDX elemental map of a region of the
Al-5Nb-2B alloy is shown in Fig. 7e–i. From the
microstructure, it is evident that the particles are
distributed along the grain boundaries. Also, it can
be inferred that the particles are rich in Nb and B.
The traces of K indicate the presence of a residue of
KBF4 salt. Point EDX analysis on a number of
particles indicate the presence of NbB2,
Al0.33Nb0.667B2, Al3Nb and AlB2, but, due to their
low volume fraction, it could not be detected by
XRD.
Fig. 6. XRD analysis of the Al-5Nb-2B master alloy (made with pure
Nb and KBF4).
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Fig. 7. (a, b) SEM–EDX on intermetallic particles formed in Al-5Nb-2B. (c) Line scan. (d) Point analysis. (e) Electron image of the mapped region.
(f) Al in the region. (g) Potassium in the region. (h) Niobium in the region. (i) Boron in the region.
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CONCLUSION
Al-Nb-B master alloys with high fractions of wel-
distributed Nb-B-containing particles were devel-
oped by varying the process parameters. A shorter
reaction time results in an incomplete salt–metal
reaction which is indicated by the presence of unre-
acted salts and Nb powder in the solidified master
alloy. On the other hand, longer reaction times led to
gravity settling of the particles and agglomeration.
Thus, the optimum reaction time was found to be 2 h
15 min at 800C. Also, it was shown that master
alloys prepared by the reaction of Al-60Nb powders
with KBF4 salt results in the formation of higher
volume fractions of particles, as compared to using
pure Nb powder. The experiments also demonstrated
that it is not very feasible to synthesize Al-Nb-B
alloys with B greater than 2 wt.% due to the higher
viscosity of the melt.
In all the master alloys, agglomerates of particles
are well distributed in the matrix. Methods like
plastic deformation can reduce the agglomerate/par-
ticle size even more, which is beyond the scope of the
present work.
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